We document and quantify effects of two types of catalogue uncertainties-earthquake location errors and short-term incompleteness-on results of statistical cluster analyses of seismicity in southern California. In the main part of the study we analyse 117 076 events with m ≥ 2 in southern California during 1981-2013 from the waveform-relocated catalogue of Hauksson et al. We present statistical evidence for three artefacts caused by the absolute and relative location errors: (1) Increased distance between offspring and parents. (2) Underestimated clustering, quantified by the number of offspring per event, the total number of clustered events, and some other statistics. (3) Overestimated background rates. We also find that shortterm incompleteness leads to (4) Apparent magnitude dependence and temporal fluctuations of b-values. The reported artefacts are robustly observed in three additional catalogues of southern California: the relocated catalogue of Richards-Dinger & Shearer during 1975-1998, and the two subcatalogues-1961-1981 and 1981-2013-of the Advances National Seismic System catalogue. This implies that the reported artefacts are not specific to a particular (re)location method. The comparative quality of the four examined catalogues is reflected in the magnitude of the artefacts. The location errors in the examined catalogues mostly affect events with m < 3.5, while for larger magnitudes the location error effects are negligible. This is explained by comparing the location error and rupture lengths of events and their parents. Finally, our analysis suggests that selected aggregated cluster statistics (e.g. proportion of singles) are less prone to location artefacts than individual statistics (e.g. the distance to parent or parentoffspring assignment). The results can inform a range of studies focused on small-magnitude seismicity patterns in the presence of catalogue uncertainties.
I N T RO D U C T I O N
Quantitative characterization of spatio-temporal earthquake clustering in relation to physical properties of the lithosphere and response to different natural and anthropogenic loadings are fundamental problems of seismology. During the past decade, novel statistical approaches, improved background information, and high-quality earthquake catalogues available for southern California and other regions have facilitated a set of complementary studies addressing such problems (e.g. Enescu et al. 2009; Hauksson 2011; Holtkamp et al. 2011; Zaliapin & Ben-Zion 2011; Chen et al. 2012; Shearer 2012; Brodsky & Lajoie 2013; Ellsworth 2013; Gu et al. 2013; Hainzl 2013; Hainzl et al. 2014; Moradpour et al. 2014) . A notable trend in these works is reduction of magnitude of examined events-sometimes below the completeness threshold (e.g. Chen & Shearer 2013 ; Eaton et al. 2014) . In part this is due to the fact that some problems, like structure of and migration within seismic bursts Chen et al. 2012) or behaviour of induced seismicity (Brodsky & Lajoie 2013) , can be only addressed using small-magnitude events. Another incentive to work with small magnitudes comes from the observation that the structure of small-magnitude clusters differs from that of large events (e.g. M > 6.5 in southern California) (Zaliapin & Ben-Zion 2013a) . Examining small magnitude events allows one to better sample the spatio-temporal domains of interest, and hence address more comprehensive questions comparing to those answered by analysis of clusters of the largest regional events. On the other hand, this increases the exposure to various catalogue uncertainties and errors that may bias the results.
Uncertainties of earthquake location, occurrence time and magnitude are well documented (e.g. Kuge 1992; Röhm et al. 1999; Storchak et al. 2000; Kagan 2003) . These studies focus on modern routine catalogues such as ISC (1995) or PDE (2015) and primarily examine the error margins in estimations of different earthquake characteristics. Our study has a different goal. It focuses on effects of catalogue uncertainties on estimated earthquake clustering and/or triggering in recently available relocated catalogues, which provide much more precise information about the event locations than the routine catalogues mentioned above. The earthquake clustering/triggering is the main source of information about dynamics of seismicity, hence understanding effects of catalogue errors is important for further improving both seismicity models and earthquake catalogues. In this study we consider two types of catalogue uncertainties: event location errors and short-term incompleteness (insufficient registration of smaller events immediately after a larger one).
To estimate earthquake cluster properties, we use the approach of Zaliapin & Ben-Zion (2013a,b) , which is based on earlier works of Baiesi & Paczuski (2004) and Zaliapin et al. (2008) . The method uses generalized distances between pairs of earthquakes that combine information on location, time and magnitudes (see Section 3); the partition of events into background and clustered populations is facilitated by bimodal distribution of nearest-neighbour distances that is observed in real data, as well as the Epidemic Type Aftershock Sequence (ETAS) and other cluster models.
Our recent application of this approach to the relocated catalogue of Hauksson et al. (2012) in southern California during 1981-2011 led to (i) uniform (using the same parameters and rules) and robust identification of thousands of earthquake clusters, including those of small-to-medium magnitude events, in different seismic environments, (ii) classification of statistically significant earthquake clusters into three main types-singles, burst-like clusters and swarm-like clusters, (iii) relating cluster characteristics to observed spatial distribution of heat flow (that controls the effective viscosity of the crust) and (iv) documenting some robust properties of observed seismicity not simulated by the ETAS model (Zaliapin & Ben-Zion 2013a,b) . However, extending these results to other seismically active areas and lower magnitude ranges, as well as using them in studies of induced seismicity and evolutionary earthquake patterns, is impeded by the inferior quality of typical data. Most available catalogues are based on non-uniform recordings/analyses that lead to non-uniform (in space, time and magnitude) location errors, varying magnitude of completeness, and other problems. These non-uniformities may (and do) produce artificial patterns in the identification and classification of earthquake clusters, as well as analysis of b-values and other properties of seismicity.
In this paper we document and quantify some of the effects of catalogue errors on inferred cluster properties, including striking seismic patterns that emerge as artefacts of those errors. The artefacts include (i) statistically inflated distance-to-parent, (ii) underestimated offspring productivity, (iii) overestimated background rate, (iv) fluctuations of b-values, and some related effects like (v) fluctuations in the proportion of singles, (vi) apparent magnitude dependence and (vii) deflated rate of spatial decay of offspring, etc. The reported effects involve the basic element of clusteringparent-offspring pairs (as opposed to more general clusters that may include offspring of offspring). While our analyses use the nearest-neighbour technique of Zaliapin & Ben-Zion (2013a) , the described artefacts are expected to also affect alternative clustering techniques. This is because most artefacts (except b-value changes) are caused by relatively high ratio of location errors to rupture lengths observed for small events and their parents, which contaminates parent-offspring identification (Section 5).
The paper is organized as follows. Section 2 describes the used data and Section 3 provides a review of the earthquake clustering method. Section 4 analyses the distribution of the catalogue location errors and discusses their principal spatial controls. The main artefacts of catalogue uncertainties and short-term incompleteness in the relocated catalogue of Hauksson et al. (2013) are presented in Sections 5 and 6, respectively. Section 7 extends the analyses to three alternative catalogues of different quality for southern California, which confirm our main findings. The results are discussed in Section 8.
DATA
The analyses utilize the following three earthquake catalogues for southern California.
Catalogue of Hauksson, Yang and Shearer (1981-2013)
The principal data source is the waveform-relocated Southern California earthquake catalogue of Hauksson et al. (2013 ) during 1981 , available via the SCEC data centre. The methodology of catalogue construction is described in Hauksson et al. (2012) . Essentially, the catalogue generation consists of three steps. (1) Initial application of HYPOINVERSE (Klein 2002) with a 1-D model. (2) SIMULPS relocation (Thurber 1983 (Thurber , 1993 Eberhart-Phillips 1990) with a 3-D velocity model of Hauksson (2000) . At this step, events are relocated one year at a time, and the model is allowed to vary slightly. Events need 5 or more arrivals within a certain distance to qualify. (3) GrowClust relocation (Matoza et al. 2013) to improve locations of events within clusters using the differential travel times from the waveform cross-correlations. This refines only clustered events that meet certain criteria.
The final HYS catalogue has 551 455 events; it lists the SCSN preferred magnitudes in the range m ∈ [−0.6, 7.3] with 0.01 precision. The magnitude distribution is shown in Fig. 2 . The b-value of events with m > 3 is estimated as 1.01 ± 0.02 (with error margins corresponding to 95 per cent confidence interval) according to the method of Tinti & Mulargia (1987) . The b-value for events with m > 2 is 0.95 ± 0.005. This suggests that the catalogue completeness magnitude is somewhere between 2 and 3, which may differ from region to region depending on the quality of seismic network.
The catalogue events are combined into similar event clusters based on waveform cross-correlation analysis (Hauksson et al. 2012) . There are 3577 similar event clusters with size ranging from 5 to 2745. The similar event clusters combine a total of 408 065 events (74 per cent) and 143 390 earthquakes (26 per cent) do not belong to such clusters. Each event is assigned absolute horizontal and vertical 'standard location errors' corresponding to the standard deviation of a Normal isotropic distribution of the location uncertainty. Events in clusters are also assigned corresponding relative errors with respect to other events in the cluster. The catalogue also reports the number of differential times and the number of P and S picks used to locate events; these characteristics are used in our analysis. We examine 117 076 events with m ≥ 2 (Fig. 1) . There are 1887 similar event clusters that contain 77 110 (66 per cent) of the events. Hauksson et al. (2013) are shown by red circles. The circle size is proportional to earthquake magnitude. Background colours correspond to topography. Grey lines depict the major faults. Hauksson et al. (2013). with a 1D velocity model and employs station correction terms to account for 3-D velocity structure effects. The catalogue spans the period from 1975 January 01 to 1998 March 18 and covers the southern California region with latitudes between N32.57 and N36.59 and longitudes between W121.3 and W115.23. It includes 58 283 events with magnitudes m ≥ 2; the magnitude reporting precision is 0.1. The magnitude distribution has fairly linear tail (on semilogarithmic scale) suggesting that there are no serious problems with completeness (although the completeness magnitude might be above 2.0 in some spatio-temporal areas). The catalogue reports absolute horizontal location errors in both south-north and west-east directions. We use the maximum of these values as a scalar measure of horizontal location uncertainty.
Catalogue by Advanced National Seismic System (1961-2013)
The ANSS catalogue (ANSS 2015) for southern California uses events provided by the Southern California Seismic Network (SCSN). This catalogue does not apply relocation and is determined using a 1-D velocity model with station corrections; the methodology has varied slightly through the years (Hutton et al. 2010) . We use two sub-catalogues of the ANSS catalogue that cover the time intervals of 1961-1981 and 1981-2013 , referred to as ANSS-1, and ANSS-2, respectively. The later interval is chosen to coincide with the time coverage of the HYS catalogue. The earlier interval is chosen as a catalogue of comparable duration but with provably lower location quality than that of HYS.
The ANSS-1 catalogue lists 32 585 events with magnitude m ≥ 2; the magnitudes are reported with 0.01 precision. The catalogue has obviously larger completeness magnitude than the others considered in this study. The overall completeness magnitude is above 4.0, as can be judged from the shape of the magnitude distribution tail (not shown). The ANSS-2 catalogue has 138 426 events with magnitude m ≥ 2; the magnitudes are reported with 0.01 precision. The completeness magnitude is somewhere between 2 and 3, as can be judged from the shape of the magnitude-frequency distribution (not shown). Hauksson et al. (2013) . The black line T × R = 10 −5 in panel (a) visually depicts the separation between two seismic modes. The mode in the upper right part is expected in a Poisson process; it is referred to as the background mode. The mode in the left bottom part corresponds to events that occur closer to their parents than expected in a Poisson process; it is referred to as the clustered mode.
E A RT H Q UA K E C L U S T E R I N G M E T H O D
This section reviews the clustering method and key results of Zaliapin and Ben-Zion (2013a,b) used in this study to identify and analyse parent-offspring pairs of earthquakes.
Offspring and parent identification
The main tool of the offspring-parent identification is a particular earthquake distance in time-space-magnitude coordinates introduced by Baiesi & Paczuski (2004) .
Earthquake distance
Each event i in an earthquake catalogue is characterized by its occurrence time t i , hypocentre (φ i , λ i, d i ) and magnitude m i . The distance between earthquakes i and j is asymmetric in time and is defined as (Baiesi & Paczuski 2004) :
Here t ij = t j − t i is the intercurrence time, r ij ≥ 0 is the spatial distance between the hypocentres, and d is the (possibly fractal) dimension of the hypocentres.
Nearest-neighbour analysis
For each earthquake j, we find its nearest-neighbour i and the corresponding nearest-neighbour distance η ij . The nearest neighbour of an earthquake is called the parent. Each event has a single parent and can be the parent of multiple events that are referred to as its offspring.
Consider the space and time distances between the pairs of nearest neighbours normalized by the magnitude of the parent:
We refer to T and R as rescaled time and rescaled distance to parent, respectively. It is readily seen that log η i j = log T i j + log R i j . Zaliapin et al. (2008) and Zaliapin & Ben-Zion (2013a) demonstrated that a time-stationary space-inhomogeneous Poisson distribution of events with Gutenberg-Richter magnitudes corresponds to a unimodal distribution of (log T, log R) that is concentrated along a line log T + log R = const. Notably, observed catalogues show a bimodal joint distribution of (log T, log R). One mode corresponds to background events (similar to events in a Poisson process), while the other consists of a large subpopulation of events located considerably closer in time and space to their parents than expected in a Poisson process-we refer to them as clustered events. The distribution of the nearest-neighbour earthquake distance η, and the joint distribution of space and time components of the nearest-neighbour earthquake distance in southern California are shown in Fig. 3 .
Parameters
We perform all analyses working with event epicentres and using b = 1, d = 1.6 and p = 0.5. Zaliapin & Ben-Zion (2013a) have shown that the cluster analysis is stable with respect to these parameters. In particular, none of the qualitative findings of this study will change if any of the parameters will fluctuate within reasonable limits.
Close offspring, parents
Each parent-offspring pair is assigned the corresponding nearestneighbour distance η. We will pay particular attention to close offspring and parents separated by earthquake distances η < η 0 = 10 −5 . The threshold value η 0 = 10 −5 is suggested by the bimodal distribution observed in Fig. 3 No relative error is reported for 43 186 events (37 per cent), which includes 3220 events within similar event clusters; 66 784 (90 per cent of events with reported relative errors) have relative error below 40 m; 817 events have zero relative error reported (all from similar event clusters). We note that the reported relative errors are significantly smaller than the rupture lengths of the respective events. These values should be interpreted as a convenient measure of relative location quality rather than actual errors (E. Hauksson, personal communication, 2014) . For instance, 1 m errors signify the best relative location with respect to similar events, 2 m is the next level of location quality, etc. absolute and relative vertical errors, and much stronger dependence between relative horizontal and vertical errors (not shown). The weak dependence between absolute and relative errors is related to the different methods of absolute and relative error estimation (e.g. Richards-Dinger & Shearer 2000; Hauksson et al. 2012; Matoza et al. 2013) .
Another reflection of different estimation methods for absolute and relative errors is seen in magnitude dependence of location errors. As seen in Fig. 6 , both horizontal and vertical absolute errors are only weakly dependent on magnitude. However, the relative errors exhibit significant (over two orders of magnitude) increase as event magnitude changes from 2 to 6.5. This may be related to the fact that the larger is the event magnitude; the worse is the point approximation of the source.
Spatial controls of location errors
The values of location errors exhibit strong geographical dependence, as illustrated in Fig. 7 for the absolute and relative horizontal errors. The location errors significantly decrease in central southern California with respect to the peripheral areas. The observed variations are closely related to the quality of the seismic network, which also exhibit significant spatial variations. This is illustrated in Fig. 8 that shows the spatial distribution of three catalogue characteristics that can be used as a proxy to the network quality: number of P and S picks used to locate the event (panel a), number of differential times (panel b) and number of similar events (panel c). Among the three examined statistics, the number of picks exhibits the best spatial correlation with the event location error. At the same time, the spatial distribution for the number of picks is different from that for the number of differential times and number of similar events. The latter two statistics are very similar to each other and, not unexpectedly, have prominently increased values in the most seismically active fault zones: Ventura, San Bernardino, San Gabriel, San Jacinto, Salton Sea and Coso.
A RT E FA C T S O F L O C AT I O N E R RO R S

Artefact 1: inflated distance-to-parent
The most direct and easily detected effect of location errors is statistical increase of the spatial separation between offspring and low-error events (panel a, c). The typical rescaled distance-to-parent R increases more than an order of magnitude (from 10 −3 to 10 −1.5 ) when the absolute error increases from 100 m to over 1 km, or when the relative error increases from 1 m to over 100 m.
Analysis of the absolute (non-rescaled) distance r to parent with relation to location error is illustrated in Fig. 10 . Here we compare the distribution of r for the pairs parent-offspring with small (solid blue) and large (dashed green) absolute (panel a) and relative (panel b) errors. In both analyses there is a shift of the distribution to larger distances as location error increases (from solid blue to dashed green). The size of this effect, measured here by the difference of medians in the small-error and large-error distributions, is an order of magnitude in absolute error analysis (300-3000 m) and two orders of magnitude in relative error analysis (100-10 000 m).
We notice that the results of Fig. 10 (b) are affected by relation between the event magnitude and relative location error that was illustrated in Fig. 6 . Namely, the larger relative location errors are statistically associated with larger magnitude events. The larger magnitude parents, in turn, are associated with larger distance to offspring due to their larger rupture size, as follows from eq. (1). This leads to a larger proportion of larger distances for large-error parents, and larger proportion of smaller distances for small-error parents. Accordingly, the difference between the two distributions in Fig. 10(b) is due to two related effects: the size of relative location errors and increased distance-to-parent for offspring that have a large-magnitude parent. The combination of these two effects makes the difference between the examined distributions much larger than that for the absolute errors in Fig. 10 (a) that are not affected by the magnitude dependence.
The described effects might be somewhat affected by varying magnitude of catalogue completeness, as larger number of small events would lead to increase of small offspring-parent distances. However, distance-to-parent analysis repeated for events above m = 3 (not shown) leads to same qualitative conclusions. Hence, we conclude that the main driver for inflated distance to parent is imprecise event location. This may result from two alternative scenarios. First, a mislocated event is not able to detect the parent that would be identified in the (hypothetical) catalogue with no errors, and instead finds an alternative parent that is most probably located at a larger distance. Second, a mislocated event finds the same parent as in the catalogue with no errors, but the location errors place it farther away from the parent. Our analysis below (Section 5.2) suggests that both scenarios play an important role in parent identification.
The artificial increase of the distance-to-parent can lead to a cascade of related artefacts in estimated spatial properties of offspring/aftershock/foreshocks. For example, the rates of spatial decay of offspring are expected to decrease with increasing location error, since a larger proportion of offspring are artificially placed farther away from their parents in increased-error areas. A similar effect might be observed in studying spatial foreshock distribution.
The discussed effects do not seem to be intrinsically connected to our particular mechanism of parent identification. Similar artefacts of error locations should exist in results of other cluster approaches.
Artefact 2: underestimated offspring productivity
This section explores in greater detail the situation when a mislocated event is not able to identify the (mislocated) parent that would have been identified in a catalogue with no errors. This is one of the scenarios considered in Section 5.1 that leads to inflated distance-to-parent.
Recall that we define close events as those separated by the combined (rescaled space-time) distance η < 10 −5 , with the threshold value suggested by the bimodal distance distribution of Fig. 3 . Fig. 11 shows the proportion of events with close offspring (panel a) and those with close parent (panel b) as a function of absolute horizontal location error. Different colours correspond to different magnitude groups indicated in the legend. All the examined proportions significantly decrease as the error increases. In addition, the overall value of the proportion of events with close offspring (panel a) increases with magnitude, which is expected due to the increased offspring productivity. Within each magnitude group in Fig. 11(a) , the proportion drops by about 50 per cent as the error increases from 0.1 km to over 10 km. The observed proportion drop is not uniform-the largest decrease is observed at the highest values of the absolute horizontal error (right part of the plot). The proportion of events with close parents might only weakly depend on magnitude-the three curves in Fig. 11 Similar conclusions can be made by analysing the proportion of singles and internal cluster events as a function of location error (Fig. 12) . The proportion of singles in the entire catalogue significantly increases, while the proportion of internal events decreases, with increasing value of either absolute (panel a) or relative (panel b) horizontal error. This effect also holds within individual regions, as shown in panels (c), (d) for the Salton Sea and San Jacinto regions, respectively. The effect is strong and clearly seen despite significantly different average proportions of singles and internal events in the examined regions-The Salton Sea area has higher proportion of internal cluster events (average of 0.3) and lower proportion of singles (average of 0.2) with respect to San Jacinto region having average proportion of internal events of 0.1 and average proportion of singles of 0.4. This difference of average proportions is likely related to the different levels of heat flow and, more generally, effective viscosity of the two regions, as discussed and further illustrated in Zaliapin & Ben-Zion (2013b) . Fig. 13 presents yet further evidence of offspring productivity deflation by location errors, by showing the average number of offspring per event as a function of relative horizontal error, for events within different magnitude ranges. The average number of offspring steadily decreases as the error increases; the overall drop in the offspring productivity is above 70 per cent as error increases from 1 m to over 100 m. To summarize, the complementary evidence presented in Figs 11-13 suggests that the reported decrease in offspring productivity is primarily due to location errors.
To better understand this effect, we compare the location errors with the rupture lengths of events and their parents. For crack-like events with circular areas, the rupture length can be estimated as (Ben-Zion 2008):
This approximation works well for events with m < 5.5 and somewhat underestimates the rupture lengths of larger events (cf. Fig. 6 of Ben-Zion 2008). Fig. 14(a) shows the logarithm of the ratios of absolute and relative horizontal location errors to the estimated rupture length L m for events of different magnitudes m. The average ratio for the absolute error (solid blue) is above unity for m < 3.5, which implies that the location error exceeds the rupture length for many such events. Naturally, such large errors might significantly contaminate identification of close neighbours and associated cluster analysis. The relative errors (dashed green) are typically an order of magnitude smaller than the event's rupture length. However, since the scale of the relative errors is somewhat arbitrary (E. Hauksson, personal communication) we refrain from discussing physical meaning of these ratios.
In the cluster analysis used in this study (Section 3), the parent assignment is influenced by the magnitude (and hence rupture area) of the parent, but is independent of the magnitude (and hence rupture area) of a potential offspring as dictated by the definition of the earthquake distance in eq. (1). Fig. 14(b) shows the logarithm of the ratio of horizontal location errors for events of magnitude 2 ≤ m ≤ 5.5 to the estimated rupture length of their parents. The events with m > 5.5 are not examined as they produce very large error bars due to their small number in each magnitude group. For the absolute errors (solid blue), the ratio stays in the relatively narrow range of
indicating that the event's location error is typically comparable to the half-rupture-length (ratio 0.5) of its estimated parent. This ratio is rather high, confirming that parent identification for many events might be corrupted. Fig. 14(c) shows the logarithm of the ratio of the horizontal location errors to the estimated parent rupture length for different parent magnitudes m. The ratio decreases with parent magnitude in exponential fashion with index of about −0.5. The ratio for absolute errors (solid blue) is above unity for parent magnitudes m < 3.5. This suggests that events with m < 3.5 might lose large number of offspring due to absolute location errors. To summarize, the results in Fig. 14 suggest that it is very probable for many events to be mislocated by distance that is sufficiently large to prevent correct identification of the parent. The size of this effect increases with location error and decreases with the magnitude of event (Fig. 14a) and the event's parent (Fig. 14c) . In particular, the analysis suggests that offspring misidentification should be negligible for parents with m > 6, as for these events the average ratio of offspring absolute location error to parent rupture length is below 0.1. Accordingly, typical studies associated with relatively large main shocks have a very small proportion of offspring lost.
It is also interesting to examine how often a parent-offspring pair belongs to the same cluster of similar events in the HYS catalogue. There are 77 110 (65.8 per cent) such events; off those, 37 703 (49 per cent) have parents from the same cluster of similar events and 39 407 (51 per cent) have parents outside of their similar event cluster. Hence, of all 117 076 events with m ≥ 2, there are 37 703 (32 per cent) with parents from the same similar event cluster and 79 373 (68 per cent) with parents outside of similar event cluster. Since the majority of parent assignments happen outside of offspring's similar event cluster, one should expect the cluster results to be contaminated by the absolute location errors, as we illustrate above in Figs 13-15.
Artefact 3: overestimated background rate
An overestimation of the background rate originates when a clustered event with close parent is misidentified as a background event (event with a distant parent). This is complementary to the underestimation of offspring productivity examined the previous section. The analysis of Fig. 11 are misidentified as background events due to location errors. This is further supported by Figs 9 and 12. In Fig. 9 we see an increased proportion of background events (those above the diagonal line) in the population of earthquakes with large location errors (panels b, d). Furthermore, Fig. 12 exhibits at least three-fold increase in the proportion of singles (from about 0.1-0.2 to 0.3-0.6 in different panels) as absolute location errors increase. The effect seems to be even stronger when relative error is considered (Fig. 12b) . As mentioned, this increase seems to be mainly caused by location errors rather than other effects like regional differences in completeness magnitude, etc. We notice also that some background events may be misclassified as clustered ones as the results of location errors, although the magnitude of this effect seems negligible.
A RT E FA C T S O F S H O RT -T E R M I N C O M P L E T E N E S S
Artefact 4: change of b-value
It is well known that many small events are not registered after a large one (e.g. Utsu et al. 1995; Wiemer & Katsumata 1999; Narteau et al. 2002; Kagan 2004; Lolli & Gasperini 2006; Helmstetter et al. 2007; Peng et al. 2007 ). This leads to apparent spatio-temporal changes of b-values in time and space after major events. To illustrate this effect in the southern California HYS catalogue, we compare in Fig. 15(a) the magnitude distributions of events with different time delay from their parents: t < 1 d (blue) versus t > 10 d (red). The temporally close offspring (t < 1 d) have visibly lower b-value, which reflects the lack of small-magnitude events, or short-term incompleteness. Fig. 15b reports on similar analysis that compares the magnitude distributions of events with different rescaled time to parent defined in eq. (2): T < 10 −6 (blue) versus T > 10 −6 (red). Again, the close offspring have visibly lower b-value. We note that in both panels the difference in b-values is consistently reflected in the maximal magnitude of respective subpopulation: The largest event in both cases belongs to the group with shorter distance to parent. Table 1 confirms this visual impression by more rigorous statistical comparison: It shows the estimated b-values and the respective 95 per cent confidence intervals for different selections of times (and rescaled times) to parent for all events (lines 1, 2) and only for the offspring of parents with magnitude 4 ≤ m ≤ 6 (lines 3, 4). The estimations and confidence interval computations are done using the method of Tinti & Mulargia (1987) that takes into account magnitude discretization (0.01 in the examined catalogue). All the estimations are done here for events with m ≥ 3. The results indicate that the b-value drops for over 0.1 in the temporal vicinity of a parent, reflecting short-term catalogue incompleteness. This value change is highly significant, as evidenced by non-overlapping 95 per cent confidence intervals of the respective b-value estimates.
The examined difference between the close and distant magnitude distributions is more prominent for analysis based on rescaled times by guest on July 24, 2015 http://gji.oxfordjournals.org/ Downloaded from Table 1 . Estimating b-value for events with different time to parent in the catalogue of Hauksson et al. (2013) (estimator of Tinti & Mulargia (1987) ; only events with m ≥ 3 are considered). ( Fig. 15b) , as expressed in the following two complementary observations. First, the b-values are significantly lower for the close events defined by T < 10 −6 than for the close events defined by t < 1 d; yet the b-values for the distant events defined under the two approaches are statistically the same (see Table 1 ). Second, there exists a visible bend in the frequency-magnitude distribution of close events defined via rescaled times (Fig. 15b , blue line) at magnitudes below 3, which indicates reduced number of small-magnitude events. Both observations indicate that the rescaled time approach better identifies time intervals affected by short-term incompleteness. This is because in the rescaled approach the interval of potential short-term incompleteness is scaled by the event magnitude, making it longer for large events and shorter for small events. Fig. 16 further illustrates the short-term incompleteness effect by tracing how the average offspring magnitude decreases with the time-to-parent. The inverse of the average magnitude is a proxy to the b-value (e.g. Aki 1965; Eneva & Ben-Zion 1997) , so decreasing average magnitude corresponds to increasing b-value. Fig. 16(a) refers to offspring of parents with magnitude m > 4. The most notable decrease in the average magnitude (increase of b-value) is within 10 d after the parent, after which the examined statistic seems to be at a steady state. Interestingly, a similar incompleteness effect is also seen for small magnitude parents, 2 < m < 4, as illustrated in Fig. 16(b) . The significant decrease of the average magnitude seems to have the same duration (tens of days), although the value drop is much smaller in this case. Similar results are observed for median magnitude (not shown). The results in Figs 15 and 16 are similar to those reported by Hainzl (2013) who used the relocated catalogue of southern California by Lin et al. (2007) and examined aftershock sequences of main shocks with magnitudes between 2.5 and 5.5 following the space-time window identification of Shearer (2012) .
The short-term incompleteness may explain apparent b-value changes for background vs. clustered events reported recently by Gu et al. (2013) . Namely, the background events by definition have distant parents (η > 10 −5 ) which implies larger time-to-parent. On the other hand, clustered events have close parents (η < 10 −5 ) which implies shorter time-to-parent. Accordingly, the magnitude distribution analysis of Figs 15, 16 and Table 1 explains the b-value changes between background and clustered events.
We notice that in the HYS catalogue there are 62 per cent of clustered events, and 59 per cent of the events occurred within 10 d from their parent. Comparable figures are reported in the other catalogues. Our analyses (Figs 15, 16 and Table 1 ) suggest that such events are mostly affected by the short-term incompleteness. Accordingly, a range of regional b-value studies might be substantially biased by the short-term incompleteness, even if the analysis is performed for magnitudes exceeding the regional completeness threshold. Indeed, Fig. 16 indicates that the short-term incompleteness affects parents of all magnitudes (not only the largest ones) and hence the artefact of inflated b-value is distributed in space and not confined to the vicinity of the largest main shocks. The overlapping short-term incompleteness regions of events of different magnitudes might create quite complex space-time patterns and result in apparent increase or decrease of the estimated b-value, which in turn may prompt inappropriate physical interpretations.
We note that a deflated b-value is among the best-studied premonitory pattern, reported for decades in observational (e.g. Rikitake 1975; Aki 1981; Habermann 1981; Mogi 1981; Smith 1981 Smith , 1986 Hirata 1989; Imoto 1991; Enescu & Ito 2001) and modelling/laboratory (e.g. Hanks 1979; Main et al. 1989 Main et al. , 1992 Gabrielov et al. 2000; Ben-Zion et al. 2003; Zaliapin et al. 2003; Schorlemmer et al. 2005) studies. The fact that the deviations of the b-value reported here as artefacts coincide with the premonitory by guest on July 24, 2015 http://gji.oxfordjournals.org/ Downloaded from b-value changes that are backed up by theoretical and laboratory studies emphasizes the need to exercise substantial care in observational studies focused on spatio-temporal variations of the magnitude-frequency distribution. Aftershock declustering should make the b-value estimation more robust, since it eliminates the spatio-temporal regions most affected by the short-term incompleteness-the spatial vicinities of main shocks during their immediate aftermath. However, our results in Section 5.4 indicate that many clustered events might be misidentified as background events due to location errors. This suggests that short-term incompleteness may well affect b-value estimates in declustered catalogues, in particular if the analysis includes small events (m < 3.5 according to our analyses). One should also verify that the declustering itself does not affect the magnitude distribution, as may be the case for window-based methods that assume that the main shock is the largest event in the sequence.
A N A LY S I S O F A LT E R N AT E C ATA L O G U E S
In this section, we examine and compare four alternate catalogues of southern California-the relocated catalogue of Hauksson et al. (2013) that was studied in detail in the previous sections, the relocated catalogue of Richards-Dinger & Shearer (2000) , and two ANSS (SCSN) subcatalogues (see Section 2 for catalogue descriptions). This analysis has two goals. First, we show in Section 7.1 that the artefacts of location errors and short-term incompleteness reported in the previous sections are not specific to the HYS catalogue. The same artefacts are also seen in the catalogue of RichardsDinger & Shearer (2000) and the two ANSS subcatalogues. Next, we demonstrate how the reported relations between location errors and clustering can be used to order (rank) the four examined catalogues according to the overall event location accuracy. (2000). (a) Artefact 1 (increased distance to parent). Distribution of the distance to parent for parent-offspring pairs with location error below 100 m (solid blue) and above 1 km (dashed green). The distance increases to over an order of magnitude (green line is shifted to the right with respect to blue line) when location error increases. The y-axis shows the survival function S(r) = Prob(Distance > r). (b) Artefacts 2 and 3 (underestimated offspring productivity and overestimated background rate). The proportions of internal cluster events (close parent and offspring), singles (no close parent, offspring) and background events (no close parent) as a function of horizontal location error.
Artefacts in the catalogue of Richards-Dinger and Shearer
Fig . 17 shows the joint distribution of the rescaled time and space components (T, R) of the earthquake nearest-neighbour distance η (panel a) and the distribution of the log 10 η (panel b) in the catalogue of Richards-Dinger & Shearer (2000) . We notice a bimodal structure of the earthquake nearest-neighbour distance, closely resembling that of Fig. 3 for the catalogue of Hauksson et al. (2013) . One apparent difference is a somewhat less prominent separation of the modes in the catalogue of Richards-Dinger and Shearer, which might reflect overall improvement of event locations in the HYS catalogue.
Next, we reproduce in the catalogue of Richards-Dinger and Shearer (RDS) the three main artefacts studied in Section 5 and collect the results in Figs The separation of the background and clustered modes is better for the low-error events. Fig. 18(a) compares the actual (not rescaled) distance to parent for events with small and large location errors. The median distance increases by more than an order of magnitude, from about 0.2 to 3 km, between the pairs of parents-offspring with small (<100 m) location errors and those with large (>1 km) location errors. Fig. 18(b) illustrates Artefacts 2 and 3-inflated proportion of background events and singles and deflated proportion of clustered events in high-error areas. The figure shows the proportion of interval cluster events (green dashed line), singles (solid blue line), and background events-those with distant parent (black dash-dotted line) as a function of horizontal location error that increases from 0.01 to 30 km. The proportions of singles and background events significantly increase (from about 0.25 to 0.8) with the error; while the proportion of cluster events decreases from 0.3 to zero.
All these observations closely resemble those reported for the HYS catalogue and support our statement that the discussed artefacts are not caused by a particular (re)location method. Fig. 19 compares the joint distributions of the rescaled time and distance components (T, R) of the earthquake nearest-neighbour distance in the four examined catalogues. In each catalogue the analysis is done for two complementary groups of events: (A) both event and its parent have magnitude m ≤ 3.5 (panels a, c, e and g), and (B) event or its parent has magnitude above 3.5 (panels b, d, f and h). The distributions in group B are fairly similar to each other in terms of their overall location in the (T, R) plane. The only noticeable difference is a much higher proportion of background events in the ANSS-1 catalogue. These two observations are consistent with our earlier conclusions that (i) the location uncertainties barely affect the clustering of the parent-offspring pairs with m > 3.5 (Section 5.2), and (ii) the decreased location quality leads to increased background rates (Section 5.3). On the other hand, the distributions in group A show significant differences, in agreement with our earlier conclusion that events with m < 3.5 are most severely affected by the location errors (Section 5.2).
Comparative analysis of four alternate catalogues
Specifically, we observe the following systematic changes as we move from HYS (panel a) to RDS (panel c) to ANSS-2 (panel e), and finally to ANSS-1 (panel g): (i) the distribution mode-position of the most numerous (red) population of events-is shifting towards higher rescaled times (T) and distances (R) to parent, (ii) the separation of the clustered (below the diagonal line) and background (above the diagonal line) modes becomes less prominent and (iii) the proportion of background events increases, while the proportion of clustered events decreases. These observations are consistent with the statement that the overall location quality in the examined catalogues decreases from HYS to RDS to ANSS-2, and to ANSS-1, which is a reasonable given the used event location techniques. This is supported by Fig. 20 which shows the distribution of the distance r to parent (in km) for the parent-offspring pairs with m < 3.5 in the San Jacinto fault zone for the four catalogues. The distribution uniformly shifts from lower to larger distances as we go from HYS to RDS to ANSS-2 to ANSS-1. The increase of the distribution median between each pair of catalogues is about one third of a magnitude unit; accordingly, the difference between the median of the best quality catalogue (HYS) and the worst quality catalogue (ANSS-1) is about an order of magnitude-from 0.2 to 2 km.
Interestingly, the prominent differences in the parent-offspring distance distribution of the alternate catalogues reported in Figs 19 and 20 do not necessarily lead to significant changes in other cluster statistics. For example, Fig. 21 shows the proportion of singles in six individual regions of southern California-San Jacinto, Ventura, San Bernardino, Mojave, Salton Sea, and Coso-for the four catalogues. The proportions change significantly from region to region; yet remain very consistent among the HYS, RDS and ANSS-2 catalogues. However, the ANSS-1 catalogue's proportions significantly deviate from these consensus numbers, emphasizing the low quality of the location information and suggesting that this catalogue should not be used for cluster analysis of seismicity in southern California. The consistency of the proportions of singles and other cluster statistics among the alternate catalogues, despite the differences in distance-to-parent distribution, is consistent with the results of Zaliapin & Ben-Zion (2013a) who demonstrated that large (up to 40 per cent) errors in parent identification have only minor effect on errors in cluster identification (below 10 per cent) in synthetic ETAS catalogues.
Finally, we examine the effects of short-term incompleteness in the four alternate catalogues of southern California. Fig. 22 compares the magnitude distributions of events with different rescaled times-to-parent (panels a, c, e and g). In all examined catalogues the b-value of close offspring (blue) is visibly lower than that for distant offspring (red), despite the differences in the completeness In all considered cases, the average magnitude decreases (and the b-value increases) within the first 10 d after the parent and then seems to stabilize. It appears that the decrease takes longer in the ANSS-1 catalogue, although, as discussed above, this low-quality catalogue is prone to additional artefacts with respect to the other examined catalogues; hence the observations not confirmed by the better-quality catalogues probably should be ignored.
The results of this section provide a rough assessment of the size of fluctuations one might expect as a result of varying location quality.
D I S C U S S I O N
Improvements in seismic network quality and related development of earthquake relocation techniques during the last decades led to availability of high-quality regional catalogues with unprecedented detail on recorded seismicity. Examples include the catalogues of Hauksson et al. (2012) and Richards-Dinger & Shearer (2000) for southern California, Seeber et al. (2000) for North Anatolian fault in Turkey, Thurber et al. (2006) for Parkfield area in northern California and Waldhauser & Shaff (2008) for northern California. These catalogues allow the community to address problems that are new in scope and more detailed compared to those solved using the routine global catalogues like NEIC PDE (PDE 2015) or ISC (ISC 1995) . Such new problems include the existence, structure and dynamics of small-to-medium magnitude clusters (including but not limited to the foreshock/aftershocks sequences and swarms) with relation to heat flow, non-volcanic tremors, slow earthquakes, seismic cycle, and extraterrestrial loadings, as well as dynamics of induced seismicity and discriminating between tectonic and humaninduced earthquakes. However, the ability of probing the Earth at fine spatio-temporal scales and addressing important physical and socio-economic problems involves using small events. This requires dealing with a number of catalogue uncertainties and related statistical pitfalls. In the new reality of working with groups of events In this study, we document and quantify effects of basic catalogue imprecision on essential earthquake cluster statistics. Specifically, we demonstrate that two types of well-known catalogue uncertainties-location errors and short-term incompletenessaffect estimation of earthquake background rates, triggering productivity (Section 5.2), and b-value (Section 6.1). Related artefacts may include biased estimations of foreshock and aftershock spatial decay rates and detecting apparent magnitude dependencies. We show that the reported artefacts are robustly observed in several alternative catalogues of southern California, with and without relocation (Section 7), and hence are not caused by a particular event location procedure. We also present evidence that the existence of the reported artefacts should be independent of a particular cluster technique (as long as the technique is based on parent-offspring assignment); although their magnitude may vary across alternative techniques, which is an interesting topic for a further study.
Our main observations can be summarized as follows. The seismicity of southern California is partitioned into a cascade of clusters at different spatial, temporal and energy scales, from the rare yet eyecatching aftershock sequences of the largest regional events (e.g. Kern-County of 1952; Landers of 1992 or El-Mayor Cucapah of 2010 to tiny yet numerous groups of small-magnitude events whose number keeps increasing with the observation precision. In addition, there is background seismicity that consists of statistically unrelated events in the entire seismogenic volume. The small clusters have rather fine structure, with events occurring at distances comparable or below the event location precision, and magnitudes below the average completeness regional values. Accordingly, the estimated structure of such clusters is easily perturbed by the existing catalogue errors, which results in many events 'losing' their true clusters. Since the spatio-temporal volume occupied by clusters is but a small fraction of the total seismogenic volume, most of the lost events are misidentified as a part of the background seismicity. This leads to overestimated background rates and underestimated clustering-measured by the probability of having a close parent or offspring (Fig. 11) , proportion of singles and internal cluster events (Figs 12 and 18b) , number of offspring per event (Fig. 13) , or any other suitable measure. In addition, the estimated distance to the parent is generally increases with increasing location error (Figs 9, 10, 17 and 18b) , which reflects the fact that we are losing the fine cluster structure and replacing it with artificial long-distance connections that correspond to blurred clusters.
In addition to errors of reconstructing cluster structure, there are effects of short-term incompleteness, which are prominently seen for up to 10 d after a parent of any magnitude (Figs 15, 16 and 22) . The incompleteness, which affects small-magnitude events more than large-magnitude ones, deflates estimation of the b-value and hence can be confused with magnitude dependence-change of the magnitude distribution before and after a particular event or in relation to a specific groups of events (e.g. cluster vs. background). We also note that the reported incompleteness has rather long time duration of about 10 d (Fig. 22) -longer than that expected from the known instrumental deficiencies. Understanding the reason for this effect requires further focused study.
In this study, we focused on cluster statistics related to identification of the parent-offspring pairs (distance-to-parent, number of offspring per event, etc.), as opposed to general cluster statistics that refer to whole aftershock/foreshock series and other clusters that consist of events of multiple generations (offspring of offspring). Zaliapin & Ben-Zion (2013b) demonstrated that relatively large errors in individual parent-offspring identification (that can be as high as 40 per cent in the ETAS catalogues examined in that study) in general do not propagate to the global cluster statistics (that stay consistently below 10 per cent). This explains the consistency of general cluster statistics (e.g. proportion of singles, Fig. 21 ) among alternative catalogues, despite significant differences of the respective parent-offspring statistics (Figs 19 and 20) . These observations suggest that considering general regional cluster statistics may somewhat reduce the effects of catalogue uncertainties, although further research is needed in order to make specific practical recommendations. Another avenue of overcoming the reported artefacts is to look for multiple possible parents for each event, which will lead to a more detailed, and hopefully more robust, description of the earthquake-to-earthquake connections. This approach is currently under investigation.
Our results suggest that the reported artefacts mostly affect events with magnitudes m < 3.5. This is primarily related to the fact that the location errors for these events are comparable or larger than their rupture length, as well as the rupture length of their parents (Fig. 14) . This observation provides strong evidence that the artefacts studied here are not related to our particular method of identifying offspring-parents and should affect any alternative cluster analysis.
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